The SH2 domain of growth factor receptor-bound protein 2 (Grb2) has been the focus of numerous studies, primarily because of the important roles it plays in signal transduction. More recently, it has emerged as a useful protein to study the consequences of ligand preorganization upon energetics and structure in protein-ligand interactions. The Grb2-SH2 domain is known to form a domain-swapped dimer, and as part of our investigations toward correlating structure and energetics in biological systems, we examined the effects that domain-swapping dimerization of the Grb2-SH2 domain had upon ligand binding affinities. Isothermal titration calorimetry was performed using Grb2-SH2 in both its monomeric and domain-swapped dimeric forms and a phosphorylated tripeptide AcNHpTyr-Val-Asn-NH 2 that is similar to the Shc sequence recognized by Grb2-SH2 in vivo. The two binding sites of domain-swapped dimer exhibited a 4-and a 13-fold reduction in ligand affinity compared to monomer. Crystal structures of peptide-bound and uncomplexed forms of Grb2-SH2 domain-swapped dimer were obtained and reveal that the orientation of residues V122, V123, and R142 may influence the conformation of W121, an amino acid that is believed to play an important role in Grb2-SH2 ligand sequence specificity. These findings suggest that domain-swapping of Grb2-SH2 not only results in a lower affinity for a Shc-derived ligand, but it may also affect ligand specificity.
Introduction
Growth factor receptor-bound protein 2 (Grb2)1 is a 25 kDa protein composed of a single SH2 domain flanked on its N-and C-terminal ends by SH3 domains. This structural motif enables Grb2 to serve as a linker between a phosphotyrosine signal and downstream cellular events, characterizing it as an adaptor protein [1, 2] . It has been shown that Grb2 binds to phosphotyrosine residues on Shc through its SH2 domains, whereas the SH3 domains of Grb2 interact with proline rich regions of SOS. Once bound to Grb2, SOS associates with Ras and exchanges GDP for GTP, thereby activating Raf and initiating the MAP kinase pathway [1, 3, 4] . Because the MAP kinase pathway has been linked to a number of cancers [5] , drugs that block the activation of this pathway are of interest as potential anticancer agents. Indeed, and compounds that bind to the Grb2-SH2 domain have been shown to block Ras activation in vivo [6] [7] [8] [9] [10] .
First coined to describe the structure of diphtheria toxin [11] [12] [13] , domain-swapping occurs when two protein molecules exchange identical or highly similar regions, usually near the Nor C-terminus. There are two reports showing that the Grb2-SH2 domain can form a homodimer via domain-swapping in which two molecules swap C-terminal helices [14, 15] . However, in both of these cases a truncated form of Grb2-SH2 was expressed as a fusion protein with GST, which has been postulated to facilitate domain-swapping in some cases [16] .
That the Grb2-SH2 domain can dimerize by domain swapping in vitro raises the interesting question of whether there is any biological significance to such dimerization. In this regard it is perhaps noteworthy that two Grb2-SH2 binding sites on Shc are required for efficient recruitment and binding of SOS to the Grb2-Shc complex in B-cell antigen receptor-stimulated cells [3] . This observation suggests that Grb2-SOS complex formation occurs only when multiple Grb2-SH3 domains are bound to SOS. Comparing the structures of full length Grb2 (1GRI) [2] and a domain-swapped dimeric Grb2-SH2/peptide complex (1FYR) led to a model for a full length domain-swapped Grb2 dimer suggesting that both SH2 domains and each of the four SH3 domains would be available to interact with other cellular proteins [15] . Even though binding of two Grb2 molecules to Shc may be required for SOS recruitment in vivo, it is unknown whether this process involves two monomers or one dimer or whether two full length molecules of Grb2 associate through domain-swapping.
During the course of studies of complexes of the Grb2-SH2 domain with ligands derived from a phosphorylated tyrosine [17] , we observed domain-swapping of a Grb2-SH2 domain that was not part of a GST fusion protein. Isothermal titration calorimetry (ITC) data indicated that this dimeric form of the Grb2-SH2 domain exhibited a reduction in affinity for a Shc-derived ligand compared to the monomeric domain. We solved the crystal structures of domainswapped dimeric Grb2-SH2 in its uncomplexed form and complexed with a Shc-derived ligand. Comparison of these structural data with structures available from the protein data bank, reveal differences in the interactions to residues within the binding sites of monomeric and domain-swapped dimeric Grb2-SH2, allowing for a plausible explanation for the differences in ligand affinities.
Materials and Methods

Chemicals
All chemicals used were purchased from Fisher, Sigma, or Fluka. E. coli cells (SG13009, Qiagen) transformed with the PEQ vector encoding Grb2 residues 53-163, corresponding to the SH2 domain, were kindly provided by Dr. Andrew Prongay (Schering-Plough Research Institute, Kenilworth, NJ). Gel filtration, ion exchange chromatography, and CNBr-activated Sepharose 4B beads were purchased from G.E. Healthcare.
Preparation of Phosphotyrosine Column
In a slight modification of a procedure developed by Dr. Patrick J. Finerty, Jr. (The Hospital for Sick Children and Department of Biochemistry, University of Toronto), CNBr-activated Sepharose 4B beads were swelled in 1 mM HCl (5 mL/g resin); the beads were then washed extensively with 1 mM HCl. Phosphotyrosine coupling solution (10 mM O-phospho-Ltyrosine, 0.5 M NaCl, 0.1 M NaHCO 3 at pH 8.3) was added to the activated resin (5 mL/g), and the solution was mixed with gentle agitation for 3 h at room temperature. The excess phosphotyrosine was removed by thoroughly rinsing the resin with coupling buffer (0.5 M NaCl, 0.1 M NaHCO 3 at pH 8.3). The resin was suspended in 5 gel volumes of blocking solution (0.1 M Tris-HCl at pH 8.0) and gently agitated for 3 h at room temperature. The resin was washed with 5 cycles of alternating pH (0.1 M sodium acetate, 0.5 M NaCl at pH 4.0 and 0.1 Tris-HCl, 0.5 M NaCl at pH 8.0). The resin was then suspended in 30 mM Tris, 1 mM EDTA at pH 7.5, packed into a column, and equilibrated with 30 mM Tris, 1 mM EDTA at pH 7.5 prior to use.
Synthesis of Ligands
The known tripeptide ligand AcNH-pTyr-Val-Asn-NH 2 (Ac-pYVN) [18] was prepared in solution by modifying literature procedures for solid phase synthesis. The ligand was purified using reverse phase HPLC and characterized using proton and carbon NMR along with highresolution mass spectrometry.
Preparation of Recombinant Grb2-SH2
Cultures (1 L) were grown at 30 °C in L.B. from a single colony, and expression was induced with 1.0 mM IPTG when an O.D. λ600 of 0.5-0.9 was reached. Cultures were allowed to express protein for roughly 15 h. Pellets were lysed in 30 mM Tris, 1 mM EDTA, pH 7.5. The lysate was centrifuged, and the supernatant was applied to a phosphotyrosine column. Grb2-SH2 was eluted from the phosphotyrosine column with 30 mM Tris and 250 mM NaCl at pH 7.5 and dialyzed (100-fold, twice) in 30 mM Tris and 1mM EDTA at pH 7.5. The sample was applied to a Q-Sepharose column (10-15 mL), and the flow through contained >95% pure Grb2-SH2 as visualized by commassie-stained SDS-PAGE. Dimeric and monomeric Grb2-SH2 were separated on a Superose 12 prep grade column (100 mL) that had been pre-equilibrated with 30 mM Tris and 150 mM NaCl at pH 7.5. Two peaks eluted, corresponding to the molecular weights of monomer (~13 kDa) and dimer (~26 kDa) Grb2-SH2 as confirmed by a gel filtration molecular weight standard (Bio-Rad). Using this protocol, roughly 80% of the Grb2-SH2 domain eluted from the column as monomer.
The extinction coefficient of dimer at 280 nm was determined by the method described by Edelhoch [19] . Briefly, an initial calculated extinction coefficient of 30,440 M −1 was determined for fully denatured protein in 6.0 M guanidinium hydrochloride, 0.2 M phosphate buffer, pH 6.5. This was done by employing the known sequence of Grb2 SH2 and the measured contributions that tryptophan and tyrosine make to the overall extinction coefficient. Each of those values was in turn determined by Gill and Hippel [20] , by approximating each residue in the environment of a fully extended protein with model tripeptides Gly-X-Gly, in which X represents either tryptophan or tyrosine. In our laboratory, we have measured the extinction coefficient of dimer to be 30,120 M −1 , whereas a value of 15,000 M −1 for the pure monomeric form has been measured. Our value for monomer compares reasonably well with that obtained by McNemar and coworkers (15,600 M −1 ) [21] .
Protein Behavior
Separated monomer and dimer were found to be surprisingly kinetically stable, as very little interconversion was seen over a course of months at 4 °C. However, the dimer to monomer ratio changed dramatically by binding the protein to an SP Sepharose column in 30 mM Tris at pH 7.5 and 1 mM EDTA; roughly 60% of the Grb2-SH2 domain eluted from this column as dimer. Furthermore, concentrating either dimer or monomer using an YM-10 Centriprep Centrifugal Filter Device (Millipore) resulted in some interconversion to monomer or dimer, respectively. Protein intended for use in the ITC experiments was directly obtained from the gel filtration column, because concentrating the dimeric or monomeric Grb2-SH2 resulted in interconversion.
Isothermal Titration Calorimetry
Monomeric and dimeric Grb2-SH2 were isolated from the gel filtration column at 50-100 M and were at least 95% pure. The domain was dialyzed (three times, 500-fold) in 50 mM HEPES at pH 7.5 and 150 mM NaCl. Tripeptide Ac-pYVN was dissolved in the third dialysis buffer to a concentration of 1.0-3.0 mM. Experiments were performed in duplicate using a Microcal VP-ITC microcalorimeter. A solution of ligand was injected (typically 30-50 injections of 4-10 L each) into the sample cell containing the Grb2-SH2 domain. Raw data were integrated and analyzed using Microcal Origin software, and values for the stoichiometry of the binding (n), the association constant (K a ), the change in enthalpy of binding (ΔH), the change in Gibbs free energy upon binding (ΔG), and the change in entropy (ΔS) were determined (Table 1 and Supplementary Figure 1) . Blank titrations were performed by injecting ligand into buffer (50 mM HEPES at pH 7.5, 150 mM NaCl).
Protein Crystallization
All crystals were grown in 7 L drops via vapor diffusion using the hanging drop method. Crystals of uncomplexed domain-swapped dimer Grb2-SH2 domain (PDB 2H46) grew in the I422 space group and formed within a few days at 25 °C by mixing equal volumes of 15 mg/ mL Grb2-SH2 in 50 mM HEPES at pH 7.5 with 100 mM MES and 2.1 M NH 4 SO 4 at pH 6.0. Crystals of Grb2-SH2 domain-swapped dimer that were dissolved in 30 mM Tris and 500 mM NaCl at pH 7.5 and loaded on a size exclusion column eluted at a volume corresponding to a molecular weight of ~28 kDa. Uncomplexed domain-swapped dimer crystals were cryoprotected by adjusting the crystallization drop to 25% glycerol.
The crystal structure of the complex between domain-swapped dimer Grb2-SH2 and tripeptide Ac-pYVN (PDB 2H5K) crystallized at 4 °C by mixing equal volumes of protein-ligand solution (25 mM sodium cacodylate at pH 6.0, 20 mg/mL Grb2-SH2, with tripeptide Ac-pYVN added to a 1.5 M excess) and 0.1 M sodium cacodylate, 0.1 M calcium acetate, 18% PEG 8000, pH 6.0. Crystals grew in the P6 2 22 space group and were allowed to grow for at least 1 week. Prior to data collection, the crystals were cryoprotected by slowly making the drops 25% (v/ v) ethylene glycol.
Data Collection and Refinement
All data were collected under liquid N 2 on either a Mar345 or RAXIS 4++ detector using CuKα radiation at 1.5418 Å and images were processed using HKL2000 [22] (See Supplemental Figure 2 for data collection and refinement statistics). A molecular replacement solution, using the PDB deposited structure 1JYU [14] for both the uncomplexed and peptide bound structures, was determined using the CNS and CCP4 program suites [23, 24] . Ligand building and structure manipulation was achieved using CORINA, PRODRG, and O [25] [26] [27] . The quality of the final models was assessed using Procheck from CCP4. Images were created with the aid of Pymol [28] .
Results
ITC of Monomeric and Domain-Swapped Dimeric Grb2-SH2
Thermodynamic data were acquired in duplicate for the binding of the tripeptide AcNH-pTyrVal-Asn-NH 2 (Ac-pYVN) to domain-swapped dimeric and monomeric forms of Grb2-SH2 at 25 °C (Table 1) . Blank titrations were performed, and the corresponding heats from these injections were subtracted from the protein-ligand titrations prior to data fitting. In contrast to previous reports [15] , we found that dimeric and monomeric Grb2-SH2 domains bind the AcpYVN tripeptide with significantly different affinities. The K a for binding of Ac-pYVN to each of the peptide-binding sites of the domain-swapped dimer of Grb2-SH2 was 1.5 × 10 5 and 4.7 × 10 4 M −1 (K d = 6.7 and 21.2 M, respectively). Hence, the affinity of the dimeric form of Grb2-SH2 for tripeptide Ac-pYVN is about 4 to 13-fold less than for the monomeric Grb2-SH2 domain (K a = 6.1 × 10 5 M −1 ; K d = 1.6 M). The reduction in affinity of Ac-pYVN for dimeric Grb2 SH2 domain arises from a significantly less favorable (ca 3-4.3 kcal mol −1 ) enthalpy of binding for the dimer relative to monomer. Conversely, the entropic term, TΔS, contributes significantly more (i.e., 2.4-2.8 kcal mol −1 ) to the binding free energy for complex formation involving the dimeric form of the domain than it does for the monomer. Namely, the enthalpic term dominates the entropic term in the binding energetics for complexes of the monomeric Grb2 SH2 domain, whereas the entropic term assumes equal or greater importance in binding to the dimer. However, this increase in the entropy of binding is not sufficient to override the loss in enthalpy of binding. It is perhaps noteworthy that the dissociation constant reported herein for the binding of tripeptide Ac-pYVN to monomeric Grb2-SH2 (K d = 1.6 M) is somewhat greater than that reported for Ac-PSpYVNVQN-NH 2 (K d = ~0.3 M) [29] and comparable to the ELSIA-derived IC 50 value (K d = 4.3 M) for Ac-pTyr-Val-Asn-NH 2 reported by Garcia-Echeverria and colleagues [30] .
Uncomplexed Domain-Swapped Dimer Grb2-SH2 Crystal Structure
Uncomplexed, domain-swapped dimeric Grb2-SH2 crystallized with one molecule of Grb2-SH2 in the asymmetric unit, and applying crystallographic symmetry generated the full domain-swapped dimer. According to the nomenclature for SH2 domains proposed by Eck [31] , the asymmetric unit comprises two α-helices, α A and αB, and seven β-strands, βA-βG. The swapped portion of the dimer includes residues 122-152 and perhaps additional residues, although there was no observable density beyond residue 152. A glycerol molecule from the cryoprotectant was found in the phosphotyrosine-binding site. The hydroxyl moieties of the glycerol molecule serve as hydrogen bond donors to residues within αA and the BC loop, which comprises residues between β-strands B and C.
The major differences between uncomplexed forms of full length Grb2 monomer [2] and the Grb2-SH2 domain-swapped dimer are found in the orientations of residues W121, V122, V123 and R142. Residues 121-123 undergo a major conformational change upon domain-swapping and adopt an extended conformation in the domain-swapped dimer that has several notable structural consequences (Figure 1a ). For example, the carbonyl oxygen atom of V122 in dimeric Grb2-SH2 is now positioned so that it forms a hydrogen bond with the guanidino group of R142 (Figure 1b) . The orientations and solvent accessible area of the side chain of W121 in the two structures differ significantly. For example, the χ 1 and χ 2 angles for this residue in uncomplexed full length Grb2 are −51° and −68°, respectively, whereas the corresponding angles in the domain swapped dimer are 63° and −78°. In the uncomplexed domain-swapped dimer, the side chain of R142 and the side chain of V123 bury most of the side chain of W121 so the non-polar solvent accessible area of W121 (11.6 Å 2 ) is significantly smaller than it is in the full length, uncomplexed monomeric form of Grb2 (41.1 Å 2 ). It is interesting to note that the structure published by Nioche and colleagues [14] of uncomplexed domain-swapped dimeric Grb2-SH2 is very similar to the one reported here. However, in this structure R142 is not within hydrogen bonding distance of the carbonyl oxygen atom of V122.
Crystal structure of domain-swapped dimer Grb2-SH2 complexed to tripeptide Ac-pYVN
The complex of Grb2-SH2 with tripeptide Ac-pYVN crystallized with one domain-swapped dimer in the asymmetric unit. One of the two binding sites in the domain-swapped dimer was occupied by the tripeptide Ac-pYVN (site A), whereas what appears to be a cacodylate ion, which was a component of the crystallization buffer, was bound to the other ligand binding site (site B). Residues from the two molecules comprising the domain-swapped dimer Grb2-SH2/Ac-pYVN complex adopt nearly identical conformations as the backbone atoms align with an RMS deviation of 0.5 Å. Temperature factors are generally two-fold higher for residues that form binding site B compared to site A, but such variations are not unexpected given the dramatic dissimilarities in the structures of tripeptide Ac-pYVN and cacodylate ion.
Within binding site A, the pY-1 carbonyl oxygen atom of tripeptide Ac-pYVN engages in hydrogen bonds to the guanidino group of R67, whereas the phosphate moiety of the phosphotyrosine residue is stabilized by hydrogen bonding interactions with the side chains of residues R67, R86, S88, S90, and S96. The pY+1 Val side chain of tripeptide Ac-pYVN lies within a hydrophobic pocket and is involved in hydrophobic contacts with the phenyl group of F108 and the Cβ atom of Q106. The tripeptide Ac-pYVN adopts a β-turn about the Val residue with an intramolecular hydrogen bond between the C-terminal amide N-H group and the carbonyl carbon atom of the tyrosine residue. The pY+2 Asn N δ2 and O δ1 atoms are involved in hydrogen bonds with the carbonyl oxygen atom of K109 and the amide N-H of L120 in the A binding site. As in the structure of the uncomplexed form of the domain-swapped dimer of Grb2-SH2, the W121 side chain is mostly buried by the side chains of R142 and V123 at both ligand binding sites A and B. The side chain of W121 thus does not interact with the pY+2 Asn residue of tripeptide Ac-pYVN. Residues R86, S88, E89, and S96 form hydrogen bonds to the cacodylate ion at the B site. It is important to note that despite the somewhat low resolution of this structure (3.2 Å) the location of the ligand tripeptide Ac-pYVN is clearly visible in the |Fo-Fc| omit map (Figure 2a) . Temperature factors for the tripeptide Ac-pYVN were relatively low, with an average value of 20 Å 2 .
Discussion
The uncomplexed and ligand-complexed structures of domain-swapped dimeric Grb2-SH2 are similar with the backbone atoms in the two structures aligning with an rms deviation of 0.6 Å; all atoms overlay with an rmsd of 0.9 Å. The significant differences between the complex of domain-swapped dimeric Grb2-SH2 with Ac-pYVN and the eight known crystal structures of monomericGrb2 SH2/ligand complexes [2, 14, [32] [33] [34] are found in the conformations of residues 121-123 and 142 and their interactions with the domain and the side chain of the pY +2 Asn residue. In the domain-swapped dimer complex with Ac-pYVN, residues 121-123 are in an extended conformation that allows for formation of a hydrogen bond between the guanidino group of R142 and the carbonyl oxygen atom of V122. The side chain of W121 thus forms contacts with the side chains of V123 and R142 rather than with the pY+2 residue of Ac-pYVN. Conversely, in monomeric Grb2-SH2 complexes, residues 121-123 form part of a loop, precluding formation of the aforementioned hydrogen bond between V122 and R142. The indole ring of W121 is thus not in proximity to the V123 and R142 side chains; rather it forms part of the ligand binding site, making van der Waals contact with the side chain of the pY+2 Asn residue. These data suggest that the side chain of W121 can adopt two different conformations upon ligand binding, and these are herein denoted as open and closed ( Figure  2b ). In the closed conformation, the side chain of W121 is oriented toward the pTyr+2 residue, and in the open conformation it is positioned away from the ligand binding site so it cannot interact with the ligand.
Besides the structures reported here, three other structures of ligand complexes of the domainswapped dimer of Grb2-SH2 are known (PDB codes 1FYR, 2AOA, 2AOB) [15, 35] . In each of those structures the side chain of W121 adopts both open and closed conformations within the different molecules that comprise the asymmetric units. In our structure of uncomplexed domain-swapped dimeric Grb2-SH2, electron density is only observed for the open conformation of W121, whereas in the complex with Ac-pYVN there appears to be some | Fo-Fc| electron density in the area corresponding to the closed conformation (Figure 2a) . Taken together the data suggests that both open and closed conformations likely exists in solution.
Positioning the side chain of W121 in the open and closed conformations does not significantly change the amount of solvent accessible surface area of the W121 side chain itself upon complexation. On the other hand, the orientation of the W121 side chain does have a considerable affect upon the accessible surface area for the pY+2 Asn residue of the bound Ac-pYVN. For example, the calculated solvent accessible surface area (ASA p = 48.5 Å 2 and ASA np = 14.6 Å 2 ) of W121 in the complex of Ac-pYVN with the domain-swapped dimer is similar (ASA p = 44.7 Å 2 and 2 , ASA np = 22.5 Å 2 ) to that calculated using the monomeric/ ligand complex reported by Nioche (PDB code 1JYR) [14] . However, the pY+2 Asn residue of the ligand makes close contact with the indole ring of W121 in this and all other reported peptide complexes with monomeric Grb2-SH2. Hence, less polar and non-polar surface area of the pY+2 Asn residue is solvent accessible (ASA p = 16.5 Å 2 and ASA np = 0.7 Å 2 ) in monomer compared to that of the complex between Ac-pYVN and the domain-swapped dimer of Grb2-SH2 (ASA p = 19.2 Å 2 and ASA np = 17.9 Å 2 ). The burial of additional non-polar surface area upon ligand binding to monomeric Grb2-SH2 could explain its higher affinity for the latter. In this context, Marengere observed an approximately 14-fold reduction in the affinity for pTyr-Val-Asn-Val, a peptide similar to Ac-pYVN, when W121 was mutated to a threonine [36] . The crystallographic evidence presented herein clearly shows that the open conformation may be populated in ligand complexes. Therefore, it appears that ligands, other than Ac-pYVN, have the potential to bind to domain-swapped dimeric Grb2 in an extended conformation.
Previous reports on the domain-swapping of the Grb2-SH2 domain fragment have prompted questions about its biological significance. A model proposed by Schiering suggests that if full length Grb2 does form a domain-swapped dimer, the SH2 domains and flanking SH3 domains would be fully accessible [15] . Therefore, it is at the least feasible that Grb2 may form domainswapped dimers in vivo. The ITC data presented here suggest Ac-pYVN binds sequentially to the two binding sites of domain-swapped dimer. Compared to the monomeric form, the observed lower affinity and noncooperative binding for domain-swapped dimeric Grb2-SH2 could have physiological relevance. For example, cellular events which lead to the formation of domain-swapped dimer from monomer would likely down regulate the signals that Grb2 is involved. It may also be the case that the SH2 domain of domain-swapped dimeric Grb2 exhibits different sequence specificity than the monomeric form.
In summary, the thermodynamic data indicate that monomeric Grb2-SH2 domain binds the phosphotyrosine peptide Ac-pYVN with significantly higher affinity than the domainswapped dimeric form of Grb2-SH2. Interestingly, the binding free energy of Ac-pYVN to the monomeric domain is dominated by the ΔH term, which is substantially more favorable than the enthalpy for its binding to the dimeric domain, whereas TΔS contributes more then ΔH to the free energy for Ac-pYVN binding to the dimeric domain. That ligand binding to the monomeric domain is enthalpy driven while binding to the dimeric domain is entropy driven is intriguing. The side chain of W121 forms close contacts with the pY+2 residue of pYVNderived ligands in all reported monomeric Grb2-SH2/ligand complexes, but there is no such interaction in the complex of the domain-swapped dimer of the Grb2-SH2 domain with AcpYVN that is reported herein. These structural data are consistent with the hypothesis that the lack of a van der Waals contact between W121 and the Asn residue at the pY+2 position of phosphotyrosine-derived ligands may be at least partly responsible for the reduced affinity and less favorable enthalpy for the binding of Ac-pYVN to the domain-swapped dimer of Grb2-SH2. Other studies correlating energetics and structure in protein-ligand interactions involving the Grb2-SH2 domain and other proteins are ongoing, and the results of these investigations will be reported in due course.
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Fig 1.
Crystal structure of native domain-swapped dimeric Grb2-SH2. A, Cross-eyed stereo view of native domain-swapped dimeric Grb2-SH2, generated by applying crystallographic symmetry. The two molecules composing the dimer, shown in magenta and cyan, swap the C-terminus, composed of residues 124-152. B, In domain-swapped dimeric Grb2-SH2 residues 121-123 are in an extended conformation, which allows for a hydrogen bond (dashed yellow line) to form between the □guanidine group of R142 and the carbonyl oxygen atom of V122. The side chains of R142 and V123 mostly bury W121. A, Shown in cross-eyed stereo are the 2Fo-Fc (green) and |Fo-Fc| (red) electron density maps contoured at 1.0 and 2.5 σ, respectively. The latter maps were calculated with tripeptide AcpYVN omitted. The |Fo-Fc| omit map clearly shows the location of the ligand despite the relatively low resolution data (3.2 Å). For information regarding the quality of electron density maps at this resolution see reference [37] . B, Open and closed conformations of W121. Shown is W121 from a monomeric Grb2-SH2/ligand complex (cyan) (PDB code 1JYR [14] ) aligned to the Grb2-SH2 domain-swapped dimer/Ac-pYVN structure (magenta). In crystal structures of monomeric Grb2-SH2 W121 adopts the closed conformation (cyan), bringing the idole ring Table 1 Isothermal titration calorimetry data for the binding of AcNH-pTyr-Val-Asn-NH 2 (Ac-pYVN) to monomeric and domain-swapped dimeric Grb2-SH2.
ITC experiments were conducted in duplicate at 25 °C with same batch of ligand and Grb2 SH2 domain in HEPES at pH 7.5. Uncertainties in ΔG, ΔH, and ΔS represent deviations from the average. 
